An electron source with high spatial coherence 
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This work demonstrates the fabrication of a single atom tip electron source with exceptionally 
high spatial coherence. A coherence angle of 14.3 =L0.5°was measured, indicating a virtual source 
size of 1.7 ±0.6 A. The nanotips under study were crafted using a spatially-confined, field- assisted 
nitrogen etch, which removes material from the periphery of the tip apex, resulting in a sharp, 
tungsten-nitride stabilized, high-aspect ratio source. The coherence properties are measured in a 
low-energy electron point source microscope with a carbon nanotube bundle acting as a bi-prism. 
This work represents a marked improvement in spatial coherence of electron sources. 



Electron sources have had a substantial impact on 
modern physics, since the invention of the cathode-ray 
tube well over a century ago. Now, electron sources are 
ubiquitous in science and industry in variety of areas such 
as spectroscopy, microscopy and lithography. This diver- 
sity of applications calls for a diversity of sources, with 
different energy distributions, beam currents and coher- 
ence properties. There have been sequential innovations 
in the area of nanotip fabrication and characterisation p]- 
4J. Nanotips are of interest as electron and as gas field 
ion sources due to their great brightness and coherence 
(5H7J. Such sources have many fundamental applications 
in electron interferometry from the Hanbury-Brown and 
Twiss experiment to the Ahronov-Bohm |8J effect along 
with the possibility of probing ultrafast dynamics [9]. 
However, the spatial coherence of such sources has been 
limited by low beam divergence angles. Lack of spatial 
coherence has been found to be the limiting factor in the 
resolution of single-atom sources in electron holography 
[T(H [TT ] . To date, ultra-sharp tips made by building up 
a sharp apex on a relatively broad base have been thor- 
oughly studied. 

The development of techniques for creating nanotips 
that emit electrons from a single terminal atom have 
been ongoing since the first work by Fink in 1986 [TJ |2]. 
Recently, the latter have been shown to be completely 
coherent: the emission across the entire opening- angle 
shares one phase [3 J. However, although completely co- 
herent, the emission angle for such tips remains rather 
small, typically a few degrees [3]. The tip studied here 
is shown to also be completely coherent, but in addition 
exhibits an opening angle more than 4 times larger than 
measured previously. 

The degree of spatial coherence of an electron source 
can be found using a low-energy electron point source 
(LEEPS) microscope [12] . The LEEPS microscope is 
shown schematically in Figure [T] and consists of only a 
source, a sample and a detector. The coherent electron 
wave scatters off the sample and interferes with the ref- 
erence wave at the detector to create an interference pat- 
tern. The width of the interference pattern is a measure 
of the width of the coherent wavefront emitted by the tip. 
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Figure 1: A schematic of the LEEPS microscopy 
experiment. A sharp tip is brought near a conductive 
sample, which also serves as anode. A bias is placed 
between tip and sample, causing electrons to be emitted 
from the tip, through the sample towards the screen. 
The result is an interference pattern on the screen. This 
pattern can be analyzed to deduce quantities about the 
coherence properties of the beam, the fields the 
surrounding sample and it's structure. The coherence 
angle of the beam a can be found by measuring the 
width of the pattern on the screen. Only coherent 
portions of the beam will contribute to the overall 
interference pattern. 



As in any microscope, the numerical aperture dictates the 
resolution. In a LEEPS microscope, the coherence angle, 
a, is dictated by the character of the source. However, 
it is limited by many attributes of the microscope itself: 
uncontrolled fields and mechanical and electrical stability 
of the instrument can also prevent attainment of a larger 
coherence angle. The diffraction limited resolution, R, of 
the LEEPS microscope is given by: 

A/2 sin a, (1) 

where A is the wavelength of the incident electrons. An- 
other widely used estimate of resolution is the virtual 
source size, given by [12J: 
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Figure 2: The electron beam forms a broad pattern seen 
at low magnification, due to simple scattering off the 
bundle. This is shown in (a) (scale bar 20nm) and the 
corresponding line profiles in (b) where a branched 
bundle is imaged. As the branches come together to 
form wider bundles, the pitch of the pattern becomes 
finer (from the blue to purple traces in (b)). 



R v « X/na. (2) 

In this paper we report on the coherence properties of 
a nanotip made by removing material from the shank of 
the tip, rather than building upon it. This technique uses 
a field-assisted, spatially-confined nitrogen etch and was 
reported in 2006 [13]. Such tips are not only terminated 
by a single tungsten atom but are uniquely stable due to 
the nitrogen-rich layer formed during fabrication, which 
coats the surface area surrounding the apex. This greatly 
inhibits metal diffusion and allows the tip to survive ex- 
posure to atmosphere and heating to a thousand degrees 
Celsius. 

The coherence properties of the beam were measured 
using a custom-designed LEEPS microscope [14]. The 
details of its construction are the subject of a future pub- 
lication. Here we give a brief description: the tip, sample 
and motors are contained in the scanning head. The mo- 
tors are used to position the tip relative to the sample 
with subnanometre precision. The scanning head is sus- 
pended above a (micro-channel plate) MCP. A modest, 
negative bias voltage (from 60-500V, depending on the 
separation between tip and sample) is applied to the tip, 
with the sample grounded. Electrons are field-emitted 
from the tip, through the sample, towards the MCP some 
distance away. A magnified image of the region of the 
sample irradiated by the electrons is projected on the 
MCP. The image is magnified by the ratio of the tip- 
sample to the tip-MCP distance. In this work, the tip- 
MCP distance is (4.0 ± 0.5) cm, but it can be varied 




D vs. dllf 

21 I , n 1 



20- 
^ 19- 

Q 

18- 



1 5.0 0.5 l!o 1.5 

oU f (lQ- 4 nm-Volts) 

Figure 3: A second interference pattern is generated by 
electrons that do not directly scatter off the bundle, but 
instead are deflected by the electric field surrounding it. 
This results in a bi-prism mode, analogous to that of 
the double slit, where the effective slit separation can be 
tuned by changing the bias between the tip and the 
bundle. This is illustrated in (a) as the field increases, 
so does the separation of the effective sources, resulting 
in a finer fringe pattern, (b) demonstrates the 
dependence of the effective source separation on 
tip-bundle bias Uf and separation a. 



easily from 0.5 to 20 cm by moving both tip and sample 
relative to the MCP. 

Carbon nanotube bundles were suspended across holes 
in a 50 nm thick silicon nitride window. These windows 
were perforated by a regular array of 2 fim holes on a 4 
jam pitch [15J. In order to make the windows conductive, 
they were coated in 5 nm Cr and 45 nm Au. These sus- 
pended nanotube bundles were brought into the LEEPS 
microscope for imaging. 

The intereference pattern generated by the LEEPS mi- 
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Figure 4: LEEPS images of carbon nanotube bundles: 
as the tip approaches the bundle, the magnification 
increases. As the magnification increases, the pattern 
fills the emission spot on the screen and the beam is 
said to be completely coherent. Scale bars are 100 nm 
and 50 nm for a-b and c-d, respectively. 
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Figure 5: Filtered versions of Figure |4|b) show each 
fringe pattern is composed of two different set of fringes. 
Figures (b) and (c) are low-pass and high-pass filtered 
images of (a). Their respective line profiles are shown in 
(d) A low frequency set of fringes due to scattering of 
the bundle itself and a higher frequency set of fringes 
due to the bi-prism effect. The pitch of the finer set of 
fringes can be tuned by varying the tip-sample distance 



and voltage as shown in Figure 3b Scale bar is lOOnm. 



crscope showed two distinct fringe patterns. At low mag- 
nifications, diffraction patterns due to direct scattering 
off the bundle are observed. Such patterns are shown in 



can be expressed as: 



Figure 2a and the corresponding profiles in 2b 



At higher magnifications, a finer fringe pattern be- 
comes visible. This pattern is thought to be due to 
electrons being redirected by the nanotube bundle. In 
transmission electron microscopy, an electron bi-prism is 
made from a thin, conductive filament, biased between 
two grounded plates [T6] , A carbon nanotube bundle ap- 
proximates this by having a potential gradient surround- 
ing the bundle. Electrons that do not directly scatter 
off the bundle are steered by the electric field due to the 
potential difference between the tip and bundle. As a re- 
sult, carbon nanotubes are used to tailor the interference 
of the electron beam in LEEPS fT7| H8] and in this work 
can be used to measure the coherence properties of the 
beam. 

The electron trajectories are bent towards the optical 
axis by the electric field resulting in an interference pat- 
tern analogous to that of the double slit, where the slit 
separation is tuned by varying the voltage between tip 
and bundle [19j|20j. This is shown schematically in Fig- 



1(a) = 4/ cos 2 (^fj-a 



(3) 



ure 3a The angular intensity of the interference pattern 



where a is the tip-bundle distance, Uf is the relative bias 
between tip and sample, A is the deBroglie wavelength 
of the electron and j Q is the angular deflection per Volt 
characteristic of the bi-prism. The bi-prism can be ex- 
pressed as a double slit with an effective slit separation 
of D = ajol/f. The pitch of the fringe pattern can be 
changed by tuning the voltage of the tip relative to the 
bundle, as is shown in Figure |3b| Practically, the tip- 
sample distance, extraction voltage and current are re- 
lated by the Fowler-Nordheim equation [21] . The tip can 
only be operated safely in a narrow window for beam cur- 
rent ranging between 0.03 - 2 nA. This limits the amount 
we can explore the dependence of the pattern on these 
variables. These finer fringe patterns are only revealed 
at higher magnifications and are evident in Figures [4j [5j 

E 

A typical series of images is shown in Figure [4j As the 
tip is moved closer to the bundle, the magnification of 
the fringe pattern increases. Also, the visibility of the 
fringes decreases as the magnification increases. This is 
thought to be due to an increased fraction of the electron 
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Figure 6: (a) shows a high-pass filtered version of image |4|d) (scale bar is 50nm). The interference pattern fills the 
detector with high-frequency fringes. High order fringes, not obvious in (a) are visible in the line profile shown in 
(b). The beam is completely coherent and possesses a coherence angle greater than 14°. 



beam being scattered and absorbed by the bundle as the 
tip approaches. 

The different fringe patterns can be seen distinctly by 
filtering the data as shown in Figure [5] (a-c). The broader 
set of fringes is thought to be the diffraction pattern from 
scattering off the bundle. The finer, sinusoidally-spaced 
fringes are thought to be due to the bi-prism effect de- 
scribed in equation [3j The two sets of fringes can be 
accentuated by filtering the images. The finer fringes are 
accentuated by using a high-pass filter, as in Figure (5J). 

The coherence angle (a shown in Figure [T]) was mea- 
sured simply by calculating 

tan-(-), 

where w was the width of the pattern on the MCP 
and L was the tip-MCP distance. The maxiumum co- 
herence angle for these interference patterns (as shown 
in Figure |6| was 14.3 ±0.5°. This represents a marked 
improvement over the previous state of the art. 

Using Eq. [2] and these measurements yield a virtual 
source size [22] of 1.7 ±0.6 A[12j. Additionally, the 
upper-bound on resolution of the LEEPS microscope can 
be estimated using the diffraction limit in Eq. [T] From 
this we expect a resolution of 2.6 ±0.6 A. 

The reasons for the improvement in coherence angle 
over previous work is not entirely known. It may be a 
simple result of the mechanical and electrical stability of 
the LEEPS microscope. Great care was taken to min- 
imize vibrations of the tip relative to the sample. The 
instrument has been operated in atom resolving scan- 
ning tunneling microscopy mode, demonstrating that vi- 
brations are ^0.1 Ain magnitude. This may allow the 
microscope to resolve higher coherence angles than pre- 
viously reported. Other factors may also contribute to 
the attainment of higher coherence angles, such as the 
nature of the tip etching process. The nanotip in this 



work is made by removing material from the shank of 
the tip, rather than building a sharp protrusion upon a 
broad base. This results in a tip with a higher aspect- 
ratio. The electron emission is expected to be broader for 
a higher aspect-ratio tip, since an emitter with a larger 
radius of curvature will focus the emission into a narrow 
beam (6[ [7]. Lastly, the nature of the surface of the tip 
itself may play a role. As the tip is etched, a protective 
nitrogen-rich coating remains which modifies the work 
function of the tip. This through a proximity effect, may 
play a subtle role in tuning emission character of the tip. 
Further theoretical studies of these contributing factors 
are necessary to fully understand the novel properties of 
the nitrogen etched nano-tip. 

Whereas no previously studied point source has dis- 
played greater than 3 degrees coherence opening an- 
gle, corresponding to at best 1.5 nm [11] resolution for 
a LEEPS microscope, the tip described here exhibits 
greater than 14 degrees opening angle, indicating the po- 
tential for ~1.6 Aresolution and a transformative result 
for electron holography by the LEEPS method. Such 
measurements are presently underway. 
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